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Abstract

Background: Retroposed processed gene transcripts are an important source of material for new gene formation
on evolutionary timescales. Most prior work on gene retrocopy discovery compared copies in reference genome
assemblies to their source genes. Here, we explore gene retrocopy insertion polymorphisms (GRIPs) that are
present in the germlines of individual humans, mice, and chimpanzees, and we identify novel gene retrocopy
insertions in cancerous somatic tissues that are absent from patient-matched non-cancer genomes.

Results: Through analysis of whole-genome sequence data, we found evidence for 48 GRIPs in the genomes of
one or more humans sequenced as part of the 1,000 Genomes Project and The Cancer Genome Atlas, but which
were not in the human reference assembly. Similarly, we found evidence for 755 GRIPs at distinct locations in one
or more of 17 inbred mouse strains but which were not in the mouse reference assembly, and 19 GRIPs across a
cohort of 10 chimpanzee genomes, which were not in the chimpanzee reference genome assembly. Many of
these insertions are new members of existing gene families whose source genes are highly and widely expressed,
and the majority have detectable hallmarks of processed gene retrocopy formation. We estimate the rate of novel
gene retrocopy insertions in humans and chimps at roughly one new gene retrocopy insertion for every 6,000
individuals.

Conclusions: We find that gene retrocopy polymorphisms are a widespread phenomenon, present a multi-species
analysis of these events, and provide a method for their ascertainment.

Background
Mammalian genomes contain thousands of pseudogenes -
stretches of DNA sequence with homology to functional
genes. As an example, pseudogene.org documents 17,061
human pseudogenes in build 65, and 19,119 mouse pseu-
dogenes in build 60 [1-3]. A recent, more stringent survey
identified 14,112 pseudogenes in the human genome [4].
Pseudogenes originate through a variety of mechanisms
including retrotransposition of processed mRNAs (pro-
cessed pseudogenes), segmental duplication, and inactivat-
ing mutations. Processed pseudogenes are derived from
spliced transcripts and they lack the intron-exon structure
of their source gene [5].

Retrotransposition refers to the insertion of DNA
sequences mediated by an RNA intermediate [6]. In
humans, this process is carried out chiefly through the
reverse-transcriptase [7] and endonuclease [8] functions of
the LINE-1 ORF2 protein, with assistance from the ORF1
protein, which binds RNA [9] and functions as a chaper-
one [10]. In addition to mobilizing its own transcripts,
LINE-1 mobilizes other transcripts including, but probably
not limited to, Alu [11], SINE-VNTR-Alu [12] and pro-
cessed pseudogenes [13]. The specific reverse-transcriptase
responsible for processed pseudogene formation varies
among species depending on the retroelement content in
the genome. For example, in S. cerevisiae, processed pseu-
dogenes are mobilized by Ty1 elements [14]. In this study
we refer to retroposed gene transcripts as gene retrocopies
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to avoid confusion with the functional connotations of
terms such as ‘pseudogene’ and ‘retrogene’ [15]. When
used, ‘pseudogene’ (or retropseudogene) refers to a non-
functional gene retrocopy while ‘retrogene’ refers to a
gene retrocopy with intact activity.
A growing number of contemporary studies highlight

the extent to which individuals differ in terms of inserted
retrotransposon sequences [16], but there has not been
significant study of how mammalian genomes differ from
one another and from the reference assembly in a given
population due to gene retrocopy insertions, although
detection of the phenomenon has been discussed briefly
[17,18]. Retrogene insertion polymorphisms have been
described in a study of 37 Drosophila melanogaster
inbred lines [19] based on the detection of intron pre-
sence/absence polymorphisms.
Pseudogenes affect genome function in several impor-

tant ways. Although most gene retrocopies lack the 5’ pro-
moter and regulatory regions present at the site of origin
[5], mobilization to another genomic location can put the
retrocopy in a novel regulatory context that may allow it
to be transcribed [20-22]. Transcription of certain gene
retrocopies can be either widespread, specific to a tissue or
cell type, or specific to particular tumors [23]. Transcribed
gene retrocopies can regulate the source transcript
through an antisense mechanism [24], are a source of siR-
NAs [25-28], can affect the stability of the source tran-
script [29], and can affect expression of the source gene by
providing a molecular sponge that competes with the
source transcript for miRNA binding due to sequence
similarity to the source gene [30]. Retrocopies and retro-
genes can exert direct effects if the nearby genomic archi-
tecture promotes their expression, as is the case for a
novel insertion of the FGF4 transcript in the domestic
dog, which leads to the chondrodysplastic phenotype that
typifies many dog breeds [31]. On an evolutionary time-
scale, the process of gene duplication through retrotran-
sposition of processed transcripts constitutes a major
mechanism for new gene formation [32], typified by exam-
ples such as the jingwei gene in Drosophila [33].
Here, we refer to a processed gene transcript that is pre-

sent as a retrotransposed insertion in one or more indivi-
duals but absent from the reference genome as a gene
retrocopy insertion polymorphism (GRIP). Insertions that
are not polymorphic and not transmissible (somatic inser-
tions) are not referred to as GRIPs. We present evidence
that the interspersed insertion of processed mRNAs into
the genome is an ongoing mechanism of mutation in
humans, mice, and chimps, and can occur in tumors.
Additionally, the availability of our application for detect-
ing these events will enable all large-scale genome sequen-
cing projects to include gene retrocopy insertions in their
analysis of genomic variation.

Results and discussion
A catalog of non-reference human gene retrocopy
insertions
Since GRIPs are largely undescribed, we sought to estab-
lish a catalog of insertions detectable by our method using
the data available through the 1,000 Genomes Project [34].
We downloaded the alignments for 939 low-pass genomes
from 13 self-identified populations available from the Feb-
ruary 2011 release; a full listing of genomes is available in
Table S1 in Additional file 1. Since these genomes are
sequenced at relatively low depth, we analyzed all samples
together using the strategy illustrated in Figure 1 and
described in the material and methods section (GRIPper).
This allows us to call insertions shared between multiple
individuals, but likely has lower sensitivity to detect inser-
tions present in only one individual. In total, we describe
39 GRIPs present in one or more individuals in this set of
samples (Table S2 in Additional file 1).
In addition to samples sequenced by the 1,000 Genomes
Project, we took advantage of the many samples sequenced
to high depth by The Cancer Genome Atlas (TCGA) [35].
One aim of TCGA is to study the whole genomes of tumor
and normal samples obtained from the same patient. We
analyzed 85 paired genomes sequenced to high coverage
depth (Table S3 in Additional file 1) and found 26 distinct
GRIPs (Table S4 in Additional file 1). This dataset also pro-
vided us with the opportunity to search for cancer-specific
somatic gene retrocopy insertions.
There was an overlap of 17 insertions between the two

sets of genomes giving a total of 48 distinct gene GRIPs
derived from 45 source genes (Figure 2, Table S5 in Addi-
tional file 1), since some genes produced mRNAs that
were inserted into multiple distinct locations in one or
more genomes. Of the 48, we could find breakpoints for
40 on at least one end, and found breakpoints for both the
5’ and 3’ junctions for 29 insertions. Of those 29, 28 had
target site duplications typical of retrotransposed
sequences, and one did not. Of these insertions, 21 out of
the 48 are in introns and one has a breakpoint in an exon
(a copy of UQCR10 inserted into exon 2 of C1orf194).
Given the 45.75% genome-wide coverage of the gene
annotation set used (see Materials and methods), this is
not a significant enrichment of insertions occurring in
annotated genes.
Most of these insertions bear the hallmarks of pro-

cessed transcript insertions generated by retrotransposi-
tion. The insertion side of the 3’ junctions terminates in
poly-A sequences; we detected target site duplications in
all instances where both junctions are detectable, and we
could obtain exon-exon junctions from 39 out of 48 of
the inserted sequences through a local sequence assembly
approach (see Materials and methods and Additional file
2 for junctions derived from 1,000 Genomes samples).
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Predicted endonuclease cleavage sites agree with the con-
sensus TTTT/AA reported in prior studies (Figure S5 in
Additional file 3) [8,36].
In order to estimate the sensitivity and specificity of our

detection scheme, we created a total of 2,000 simulated
processed gene retrocopy insertions from 200 source
genes and spiked them into the BAM file for sample
TCGA-60-2711-11 and detected them by running GRIP-
per (see Materials and methods, Tables S10 and S11 in
Additional file 1). The overall precision was 100% at the
effective minimum read depth for paired TCGA samples

(60× from the combined contribution of a tumor genome
sequenced to 30× and the matched normal genome
sequenced to 30× depth) and recall was 75.1% (Table S10
in Additional file 1). We found that recall varies depending
on the identity of the source gene (Table S11 in Additional
file 1, Figure S4 in Additional file 3).

Functional characteristics of source genes
As expected, many of the source genes that contributed
new insertions fall into the same functional categories as
the source genes for pseudogenes that are already present
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Figure 1 Schematic overview of our method for detecting non-reference gene retrocopy insertions from paired read mappings. Read
pairs are represented by two boxes for the sequenced portion of the paired read, joined by a line representing the unsequenced region (not to
scale). Reads aligning to exonic sequences are colored red, and boxes aligning to non-exonic sequences are colored blue. For genomic intervals
with no significant structural changes relative to the reference, reads will map normally as depicted in the upper panel. Note the forward-reverse
orientation pattern of the read pair mappings as indicated under the sequenced ends. Non-reference gene retrocopy insertions (bottom panel)
are represented by a series of discordant read mappings in a common interval (blue boxes) where one end of each read matches a distal exon
on a common gene annotation (red boxes). The minimum interval between the left and right groups of blue boxes defines the start and end
coordinates used in Additional file 1: Tables S2, S4-6, and S9. For Illumina paired reads, the forward-reverse sequencing scheme means that the
non-exonic end of paired reads spanning the 5’ junction is mapped in the forward orientation and the non-exonic read of the pair spanning the
3’ junction is mapped in the reverse orientation (see arrows). Thus, the regions joined by oriented paired reads between reference chrB and the
gene on reference chrA form a path that indicates a gene retrocopy insertion on the chrB allele in the individual genome from which the
paired reads were derived. As depicted on the non-reference version of chrB, processed gene retrocopies lack introns, and the resulting exon-
exon junctions are detectable by local assembly.
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in the reference genome sequence. Examples include
genes encoding proteins associated with ribosomal func-
tion, and genes involved in metabolic processes, transcrip-
tional regulation, and signal transduction (Figure 3a). By
examining the enrichment for functional annotations
through DAVID [37], we see that a number of gene ontol-
ogy (GO) terms associated with ribosomal functions are
strongly enriched in the set of source genes (Table 1).

Many of the retrocopy source genes also have other copies
present elsewhere in the reference (Figure 3b). These
include highly pseudogenized genes like cyclophilin A
(PPIA) and GAPDH [1], and this result is consistent with
the general observation that genes expressed in a wide
range of tissue types, particularly those highly expressed in
germ cells, are more likely to yield retrotransposed copies
[38].
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Figure 2 Locations of 48 non-reference gene retrocopy insertion sites in the human genome based on reads mapped to source
genes. Discordant read mappings are represented by links colored based on the chromosome of the source gene. Insertion sites are
represented by black circles, and the gene labels are based on the position of the source genes.
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Detection of cancer-specific gene retrocopy insertions
The genomes sequenced by TCGA include DNA derived
from both normal tissue and a tumor sample taken from
the same individual, enabling discovery of putative cancer-
specific somatic variants. We analyzed pairs of tumor and
normal genomes from 6 different types of cancer: 24 pairs
from acute myeloid leukemia (AML) patients, 12 breast
cancer (BRCA), 5 colorectal adenocarcinoma (COAD),

15 glioblastoma multiforme (GBM), 6 lung adenocarci-
noma (LUAD), 13 lung squamous carcinoma (LUSC), and
10 ovarian carcinoma (OV). In screening these 85 pairs of
tumor and normal genomes by combining the calls as
described in the Materials and methods section, we dis-
covered three novel somatic gene retrocopy insertions
from two lung tumors with no corresponding read pairs in
the matched normal samples and no supporting read pairs
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Figure 3 Gene retrocopy insertion annotations. (a) Functional classification of retrocopy source genes based on gene ontology and manual
curation. The genes associated with each functional classification can be found in Table S8 in Additional file 1. (b) Number of annotated
processed pseudogenes in the human genome reference assembly (GRCh37) (y-axis) for each source gene associated with a gene retrocopy in
this study (x-axis). Processed pseudogene annotations were derived from pseudogene.org human build 65 [1,3].

Table 1 GO term enrichment for human GRIP progenitor genes

GO term P Fold enrichment FDR

GO:0006414: translational elongation 4.78 × 10-9 30.61 6.24 × 10-6

GO:0006412: translation 8.63 × 10-8 11.68 1.13 × 10-4

GO:0003735: structural constituent of ribosome 2.66 × 10-7 17.17 3.06 × 10-4

GO:0033279: ribosomal subunit 1.37 × 10-6 18.89 1.53 × 10-3

GO:0005840: ribosome 1.91 × 10-6 12.85 2.14 × 10-3

GO:0022626: cytosolic ribosome 2.92 × 10-6 25.59 3.28 × 10-3

GO:0005198: structural molecule activity 3.36 × 10-5 55.69 3.87 × 10-2

GO:0015934: large ribosomal subunit 3.58 × 10-5 25.78 4.02 × 10-2

GO:0044445: cytosolic part 6.23 × 10-5 13.64 7.01 × 10-2

GO:0030529: ribonucleoprotein complex 7.34 × 10-5 6.04 8.24 × 10-2

GO: gene ontology, FDR: False discovery rate
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in any other sample in this study. The three source genes
are selenoprotein T precursor (SELT), smooth muscle
myosin heavy chain 11 (MYH11), and a spliced non-cod-
ing RNA known as Homo sapiens growth arrest-specific 5
(GAS5). While the presence of these genes is not enough
to make any causative link with carcinogenesis in this
patient, this does strongly suggest that somatic insertions
of spliced mRNAs derived from protein-coding genes may
occur, at least in the context of cancer. We note that
MYH11 rearrangements involving CBPb are implicated in
cancers including acute myeloid leukemia [39] and sarco-
mas of the small bowel [40,41], and GAS5 depletion has
been noted in breast cancer [42]. We note that the
MYH11 insertion site occurs in a region that is sometimes
deleted as a segregating variant cataloged in the Database
of Genomic Variants [43], but the sample LUSC-2722,
which has the novel MYH11 retrocopy in the tumor gen-
ome, does not have this deletion (Table S12 in Additional
file 1). Somatic LINE-1 mediated retrotransposition events
have been observed in lung, colon, ovarian, and prostate
tumors for transposable element transcripts [44-46], but
the mobilization of gene-derived transcripts is novel, and
may be a means for the amplification of oncogene copy
number in some tumors. The discordant read mappings
leading to these three calls are shown in Figures S1 to S3
in Additional file 3.

Novel gene retrocopy insertions in inbred mouse strains
We sought to extend our catalog of GRIPs to mice, as the
deeply sequenced genomes of 17 different inbred mouse
strains are now available [47], and a small set of GRIPs
have been described [48]. We applied the same method
as described for detecting GRIPs by substituting mouse
genome annotations, and identified a total of 755 inser-
tions from 610 distinct source genes (Table S6 in Addi-
tional file 1). We found that 63 loci overlap with
structural variants obtained from a mouse of the DBA
inbred strain using HYDRA-SV [48]. Since the mouse
reference (mm9/NCBI m37) is assembled from sequences
derived from the C57BL/6J strain, it is not surprising that
we only detected one novel GRIP in that strain, which
could have occurred in the generations between the last
common ancestor of the mouse sequenced by the Mouse
Genome Sequencing Consortium [49] and the more
recently sequenced individual [47]. Of the 755 insertions
identified in our analysis, 201 (26.62%) occurred in anno-
tated genes. This is a significant depletion compared to
the 40.38% of the genome covered using the UCSC
Genes annotation set (see Materials and methods, P =
1.76 × 10-14, proportions test).
The representatives from the 17 inbred strains differ

from the C57BL/6J reference by a variable number of
gene retrocopy insertions, generally correlating with what
is known about the history of these strains [50] and in

agreement with the degree to which transposable element
polymorphisms are shared between strains [51]. All of
the strains derived from Mus musculus domesticus
(excluding C57BL/6J, which is also M. m. domesticus)
have a mean of 56 GRIPs in their genomes that are not
in the C57BL/6J reference (Figure 4a). In contrast,
CAST/EiJ (M. m. castaneus), PWK/PhJ (M. m. musculus),
and SPRET/EiJ (M. spretus) are strains derived from wild
mice and have 213, 212, and 142 non-C57 gene retroco-
pies, respectively. WSB/EiJ is a wild-derived M. m.
domesticus strain, and has the most non-C57 GRIPs of
the M. m. domesticus strains sampled. Excluding C57BL/
6J, any pair of the remaining 16 mouse inbred strains dif-
fer from one another by an average of 134 insertions.
Excluding the four strains derived from wild mice, the
remaining 12 lines differ from each other by an average
of 68 insertions. The distance [52] between mouse strains
in terms of shared GRIPs recapitulates the genetic ances-
try of the strains to some degree, as might be expected
(Figure 4b). For example, the 129 substrains are closely
grouped together along with LP/J, which is closely related
[50] (inbred stain genealogies chart available from Mouse
Genome Informatics [53]).

Novel gene retrocopy insertions in chimpanzees
In addition to whole-genome sequence data available for
humans and mice, genome sequences for ten individual
chimpanzees are available through the PanMap project
[54]. These genomes were sequenced to approximately 10×
average depth and are available in .bam format aligned to
the Chimp Genome Sequencing Consortium 2.1/panTro2
reference assembly. We downloaded these and used the
same pooling strategy used for the low-coverage data from
the 1,000 Genomes Project to identify novel gene retrocopy
insertions present in one or more of the ten individual
chimps but absent from Clint, the reference chimp. In
total, we identified 19 novel GRIPs, 9 of them in introns
(Table S9 in Additional file 1).

Distribution of GRIPs in human populations
As with any heritable genomic polymorphism, GRIPs can
be restricted to certain populations. The data from the
1,000 Genomes Project provide us with the opportunity to
ascertain whether a given GRIP occurs more frequently in
one population versus another. The population distribu-
tion for the 39 GRIPs from the 13 populations represented
in the analyzed 1,000 Genomes Project data is shown in
Figure 5. A number of these appear to be restricted to a
particular geographical area of origin, such as insertions of
POLR2C, HSPE1, and SNRPC mRNAs in individuals with
self-reported African ancestry, and COX7C, NACC1,
RPL22, RPS2, and RPL37A in individuals self-identified as
belonging to Chinese or Japanese populations. The subset
of the 1,000 Genomes Project data that we analyzed to
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obtain these insertions is low-coverage by design, to allow
for detection of common alleles across a large number of
individuals [34]. The cancer and normal pairs of deeply
sequenced genomes from TCGA allow for the detection
of more rare alleles, which is reflected in the five insertions
found in only one TCGA individual versus only one

insertion found in only one individual in the 1,000 Gen-
omes low-coverage data (Table S5 in Additional file 1).

Estimating the rate of gene retroposition in humans
The rate at which new gene retrocopies are formed by
retrotransposition may be related to the rate of new gene
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Figure 4 Gene retrocopy insertions in mice. (a) Number of gene retrocopies absent from the C57BL/6J reference (y-axis) present in each of
17 inbred mouse strains [47] (x-axis). (b) Heatmap created by the heatmap.2 function in the gplots package in R based on the Jaccard distance
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formation. Our population-level data in humans allows a
straightforward estimate similar in method to a previous
estimate of retrotransposition for LINE-1 elements [55].
Watterson’s equation [56] estimates the mutation rate μ,
which in this context refers to the per generation rate of
processed gene transcript retroposition (see Materials and
methods). Using the 48 non-reference human GRIPs iden-
tified from the 1,024 human genomes analyzed in this
study, we estimate that 1 in every 6,256 individuals has a
novel, heritable, gene retrocopy. Since this ignores any seg-
regating retrocopies in the reference genome, we sought to
estimate the number of reference retrocopies by cross-
referencing the deletion calls from the 1,000 Genomes
Project [57] with annotated pseudogenes in the human
reference genome. We found evidence for 10 GRIPs in the
reference (see Materials and methods) yielding a total of
58 segregating insertions for 1,025 individuals (when the

reference genome is included as one individual). This
increases our estimate of μ to 1 new gene retrocopy inser-
tion per 5,177 individuals per generation (see Materials
and methods). In order to apply Watterson’s formulae
without bias, the chosen markers must be selectively neu-
tral. A Tajima’s D test yields a value of -0.99, indicating
that while there may be some tendency toward purifying
selection, the detected human GRIPs are, when considered
on the whole, under neutral selection [58], validating this
method of estimation. Performing the same estimation for
chimpanzees using an effective population size of 11,413,
which was calculated from the same whole genome
sequence data [51], we arrive at an estimate of 1 new
insertion per every 6,804 chimps, quite comparable to
humans with the small discrepancy most likely due to a
lack of information concerning pseudogene deletions rela-
tive to the chimp reference assembly.
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Conclusions
A large fraction of the human genome is covered by copy
number variants (CNVs), including regions containing
genes [59], and a number of recent publications have high-
lighted the extent of variability in gene copy number due
to CNVs between individual humans. Starting from a
large-scale set of deletions detected in human populations
[60], Schrider and Hahn calculate that any two humans
differ by over 100 gene-containing CNVs [61]. Approxi-
mately 9% of human genes appear to vary in copy number,
mostly between 0 and 5 copies [62], likely through seg-
mental duplication. The data we have presented here add
to what is known about gene copy number variation by
highlighting another mechanism separate from the large
duplications that cause copy number variability of intron-
containing gene loci. Through retrotransposition, GRIPs
occur as interspersed insertions of processed transcripts.
Whereas segmentally duplicated genes are likely to share
the same regulatory regime, gene retrocopy insertions
often mobilize copies into novel regulatory contexts,
where they tend to experience an increased likelihood of
adaptive evolution [63]. Many of these new gene retrocopy
insertions will be inactive due to missing promoters, fra-
meshifts, and truncation. That said, the subset of GRIPs
that are recent enough not to be lost or fixed through
genetic drift are likely to be more recent insertions and
likely to have suffered fewer inactivating mutations to the
open reading frame and any intact regulatory elements.
It is clear that processed gene transcripts are retrotran-

sposed in the germline, and by extension one might ima-
gine that this also occurs in somatic tissues. Transgenic
mice with a LINE-1 cassette facilitating detection of inser-
tion events show extensive variation in transposition fre-
quency across tissues [64], and in particular, neural
progenitor cells in the brain [65]. There is evidence for
somatic retrotransposition during early development in
Drosophila [66] and in humans [67]. Somatic retrotran-
sposition of retroelements may also occur in human can-
cers [44,45] and contributes to a variety of human diseases
[68]. We have demonstrated that insertions of retrotran-
sposed processed transcripts can contribute to somatic
variation in tumor tissue. Given this observation, studies
of somatic retrotransposition of processed mRNAs in a
variety of somatic tissues including the brain may yield
novel retrocopy insertions, given evidence for elevated ret-
rotransposition in some specific neural tissues from quan-
titative PCR [69] and targeted ascertainment of insertion
sites [70]. That said, a recent study indicates some neural
tissues do not appear to support a high level of retrotran-
sposition [71].
Each new insertion of a gene retrocopy presents a new

opportunity for the evolution of a new gene or the modifi-
cation of an existing function at the site of insertion.

There are a number of examples where inserted gene ret-
rocopies have acquired new functions [20]. One notable
example is the insertion of cyclophilin A (PPIA) into
TRIM5a in the owl monkey leading to a novel gene fusion
that confers resistance to HIV-1 infection [72,73]. A simi-
lar mutation involving the insertion of a cyclophilin A ret-
rocopy into TRIM5a also occurred independently in
rhesus macaques, leading to resistance to HIV-2 and feline
immunodeficiency virus infection [74,75]. In total, we
report 22 human, 201 mouse, and 9 chimp GRIPs in
introns or exons that could lead to novel gene fusions
with modified functions [21]. While human GRIPs occur
in annotated genes about as often as would be expected by
chance, we identified a marked depletion of mouse GRIPs
in genes. This may indicate purifying selection due to dele-
terious effects on the genes hosting the GRIPs. In any case,
this observation illustrates that the ability to detect this
form of genomic variation opens new questions about the
biological consequences of gene retrocopy insertion and
provides a starting point for further investigation. In gen-
eral, this study will provide a foundation for future investi-
gation into the functional consequences of gene retrocopy
insertion polymorphisms.

Materials and methods
Gene retrocopy insertion detection from mapped paired
end reads
Paired end reads consist of two DNA sequences flanking
an internal unsequenced region. Given the average insert
size of a sequencing library, and the locations relative to
a reference genome where either end of a paired end
fragment map, a pair of mappings is termed concordant
if the sequenced ends are mapped to the reference gen-
ome at an interval and orientation compatible with the
library construction. Conversely, a pair of mappings is
termed discordant if the paired ends are mapped too far
apart or in the wrong orientation relative to the reference
genome to which they are mapped. Given sufficient read
depth and agreement between multiple paired reads, dis-
cordant read pairings can contain information about gen-
ome rearrangements relative to the reference if the
rearrangements bring two pieces of the genome into
proximity that are distant from one another in the refer-
ence genome. Here, we use discordant read mappings to
detect GRIPs by finding multiple discordant mappings
that connect exonic sequences to a consistent location
distant from the exons. We refer to the genome or gen-
omes from which a sequencing library was generated and
analyzed as the query genome. For some region of a
chromosome, if the sequence of the query genome
matches the sequence of the reference genome, read
pairs mapped to that region will be concordant as shown
in the normal mapping of Figure 1. Alternately, if a
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region in the query genome contains a structural variant
(insertion, deletion inversion, and so on) relative to the
reference, some or all of the read pairs mapping to that
location may be discordant. Figure 1 also demonstrates
the pattern of discordant mappings indicative of a gene
retrocopy insertion in the query genome. In order to con-
fidently predict the presence of a gene retrocopy in a
query genome or genomes, we require at least eight dis-
tinct mappings between the source gene and its insertion
location, with at least two mappings spanning each junc-
tion. Illumina sequencing chemistry yields paired reads
where the first read in the pair is sequenced on the top
strand and the second read is sequenced on the bottom
strand, such that the first read maps to the top (+) strand
of the reference genome and the second read maps to the
bottom (-) strand of the reference genome. Given this
property, the reads mapping to the 5’ side of the pre-
dicted insertion site must be on the top strand and the
reads on the 3’ side of the site must be on the bottom
strand. Likewise, the mappings of the discordant reads
themselves must be consistent with this pattern. We also
require that the reads mapping to the source gene must
correspond to at least two distinct exons. Additionally,
we filter out putative insertion sites where the site is in a
region of the genome that contains an annotated or
unannotated pseudogene. Unannotated pseudogenes are
ascertained by comparing the insertion site +/- 500 bp to
the rest of the reference genome using BLAT [76]. This
method (GRIPper) was implemented in Python using
pysam [77] and is available from github [78]. An archival
version of the software is also available as Additional file
4; however, we suggest using the most up-to-date version
via github.

Breakpoint ascertainment from soft-clipped reads
Many of the human samples analyzed in this study were
mapped using bwa [79], which allows for part of a read to
align as long as the seed sequence meets the minimum
mismatch criteria. The unaligned portion of these map-
pings is marked as soft-clipped. This provides a conveni-
ent means to check for breakpoints by looking for
consistent break ends corresponding to the 5’ and 3’ junc-
tions of the inserted gene retrocopy. Target site duplica-
tions are ascertained by searching for correspondence
between the sequences on either side of the breakpoint.

Local sequence assembly to identify exon-exon junctions
In order to identify exon-exon junctions that are present
in inserted processed gene retrocopy sequences, we
employed a two-stage local assembly strategy. First, read
pairs that map within 500 bp of a predicted insertion
site that are discordant, one-end-anchored (reads where
the mate is unmapped), or have at least one read in the
pair that is soft-clipped are used as input to a short read

assembler. For a first attempt at assembly, we use Velvet
[80] with a k-mer size of 31, the shortPaired option to
indicate the reads were paired, and an insert length of
300. The resulting contigs are aligned back to the refer-
ence genome using BLAT [76] to identify reads that map
to exonic sequences corresponding to the source gene
and without aligning to the intervening introns (spliced
alignments). The majority of junctions are ascertained in
this first step using Velvet which utilizes de Bruijn graphs
to guide assembly. Secondarily, the discordant, one-end-
anchored, and soft-clipped reads corresponding to the
remaining insertions for which an exon-exon junction
was not apparent were then assembled using PRICE [81],
which utilizes a seed-and-extend assembly strategy, and
aligned back to the reference to identify spliced junctions.
We ran PRICE for 20 cycles using the anchored read
pairs (those which map uniquely near the gene retrocopy
insertion site) as the seed sequences.

Simulation of novel gene retrocopy insertions
Retrogene insertions were simulated by adding insertions
of spliced, polyadenylated mRNA transcripts to sample
TCGA-60-2711-11 (LUSC-2711 Normal) using bamsur-
geon [82]. Bamsurgeon can add structural variants (includ-
ing insertions) to existing BAM files through local
assembly followed by modification of the assembled con-
tig, simulation of paired read coverage (100 paired end
base pairs with 300 unsequenced insert base pairs), rea-
lignment, and replacement into the original BAM. We
added a total of 2,000 insertions from 200 different pro-
cessed mRNAs (Table S11 in Additional file 1) to LUSC-
2711, and downsampled the resultant BAM from 60×
average coverage to 40×, 30×, 20×, 10×, and 5× using
DownSampleSam, part of the Picard suite of utilities [83].
We used GRIPper to detect the spiked-in processed
mRNAs to evaluate the detection characteristics. At 60×
coverage we obtained perfect precision and a recall of
0.751 (1,501 true positives and 499 false negatives with no
false positives). As expected, recall decreases with decreas-
ing coverage (Table S10 in Additional file 1). In general,
false negatives are due to single exon genes (for example,
OR7G2) at high coverage and mainly due to insufficient
read support at low coverage. Since we combined reads
from both tumor and normal genomes for all TCGA sam-
ples in this study, which have coverage of 30× or greater,
detection of germline insertions was done on samples with
an effective coverage of 60× or greater.

Identifying gene retrocopy insertions included in the
reference genome assembly
GRIPs in the reference genome that are not present in
other individuals will appear as deletions relative to the
reference. To detect these, we cross-referenced the dele-
tion data from the 1,000 Genomes Project [34,57] with
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pseudogene annotations from GENCODE/ENCODE [84]
and Yale [1]. Deletions were obtained in variant call for-
mat from the 1,000 Genomes Project FTP server, and
pseudogene annotations where obtained from the UCSC
Genome Browser [85], and from pseudogene.org human
build 65 [3]. To allow for repetitive sequences in gene
UTRs we allowed the deletion to span a region up to three
times larger than the surrounded pseudogene annotation.
We also required homology between the deleted sequence
and the source gene of the annotated pseudogene. A list of
the GRIPs ascertained in this way is included in Additional
file 1 (Table S7 in Additional file 1), two of which corre-
spond to both of the processed pseudogene deletion poly-
morphisms (pseudocopies of GCSH and ITGB1)
mentioned in a previous study [17].

Strategy for low-pass genome sequence data and tumor/
normal pairs
In order to ascertain insertion sites from a large collec-
tion of genomes sequenced at low (2× to 5×) coverage,
or to ensure maximum sensitivity in ascertaining can-
cer-specific insertions, we combine data across multiple
samples. This is accomplished simply by extracting dis-
cordant reads where one end maps to an exon and the
other end elsewhere in the reference genome from each
genome of interest, and analyzing the merged set of dis-
cordant reads en masse while keeping track of the sam-
ple identifier associated with each discordant pair of
mapped reads. When insertions are called, all genomes
contributing reads to a call are considered to have the
insertion.

Calculating coverage of gene annotations
In order to test for enrichment or depletion of gene ret-
rocopy insertions relative to gene annotations, we must
have an accurate figure for how much of the reference
genome assembly is covered by the set of annotations
used. For both human and mouse, we used UCSC genes
[86]: human version 5 and mouse version 5. From BED
formatted versions of these annotation tracks, the bed-
Coverage tool from the Kent source utilities was used to
calculate the fraction of the genome covered. To calcu-
late enrichment, we performed a one-sample proportions
test with continuity correction using the prop.test func-
tion in R [87].

Calculating distance between GRIP profiles
The Jaccard distance [52] is defined as:

Jδ(A, B) =
|A ∪ B| − |A ∩ B|

|A ∪ B| (1)

where A and B are sets of gene retrocopy insertions for
two genomes.

Estimating the rate of gene retrocopy insertion
Given a parameter θ and an effective population size Ne,
we can calculate the per-generation mutation rate μ by
[49]:

θ = 4Neμ (2)

where θ is estimated by:

θ̂W =
S

n−1∑

i=1

1
i

=
S
an (3)

where S is the number of segregating sites and n is the
number of individuals. Since we have n = 1,024 and S =
48, an = 7.508, and θ̂W = 48/7.508 = 6.394 . If we assume

an effective population size of 10,000, μ = 6.394/40,000 ≈
1/6,256 GRIPs per individual per generation. Including
the 10 pseudogenes present in the reference but deleted
in one or more individuals in the 1,000 Genomes Project
data (Table S7 in Additional file 1), which likely indicate
GRIPs that are included in the reference, our estimate for
θ becomes θ̂W = 58/7.508 = 7.725 yielding a rate of μ =

7.725/40,000 ≈ 1/5,178 gene retrocopy insertions per
individual per generation.
This estimate requires the segregating sites to be neutral

markers. We determined that, on the whole, GRIPs qualify
as neutral markers with Tajima’s D test, based on com-
monly used critical values of -2.0 and +2.0 corresponding
to purifying and diversifying selection, respectively [58]:

D =
θ̂T − θ̂W√

V̂
(4)

where θ̂T is the mean number of differences between
any two individuals in terms of the chosen segregating
sites. In this case:

D =
3.412 − 6.394√

9.073
≈ −0.990 (5)

Data access
Data from the 1,000 Genomes Project [34] is available from
the website [88]; Table S1 in Additional file 1 contains a list
of individual genomes downloaded for analysis as part of
this study. Data from The Cancer Genome Atlas is available
to authorized users through the Cancer Genomics Hub
[89]; a list of tumor/normal pairs used in this analysis is
included as Table S3 in Additional file 1. The genomes of
17 inbred mouse strains [47] are available through the
Wellcome Trust Sanger Institute Mouse Genomes Project
[90]. The genomes of ten individual chimpanzees [54] are
available through the PanMap project [91].

Ewing et al. Genome Biology 2013, 14:R22
http://genomebiology.com/2013/14/3/R22

Page 11 of 14



Additional material

Additional file 1: See Supplemental Data (Additional file 3) for
individual table and column descriptions.

Additional file 2: Contains splice junctions detected in inserted
sequences. The FASTA-formatted file can be opened with any text
editor.

Additional file 3: Contains descriptions of supplemental tables
(Additional file 1), supplemental figures, and sequences.

Additional file 4: Archival version of GRIPper. We recommend
downloading the latest version from github [78].

Abbreviations
AML: acute myeloid leukemia; bp: base pair; ASW: African ancestry in south-
west US; BRCA: breast cancer; CEU: Utah residents with northern and
western European ancestry; CHB: Han Chinese in Beijing, China; CHS: Han
Chinese in southern China; CLM: Colombian in Medellin, Colombia; CNV:
copy number variant; COAD: colorectal adenocarcinoma; FDR: false discovery
rate; FIN: Finnish from Finland; GBM: glioblastoma multiforme; GBR: British
from England and Scotland; GO: gene ontology; GRIP: gene retrocopy
insertion polymorphism; JPT: Japanese in Tokyo, Japan; LINE: long
interspersed element; LUAD: lung adenocarcinoma; LUSC: lung squamous
carcinoma; LWK: Luhya in Webuye, Kenya; miRNA: microRNA; MXL: Mexican
ancestry in Los Angeles; ORF: open reading frame; OV: ovarian carcinoma;
PCR: polymerase chain reaction; PUR: Puerto Rican in Puerto Rico; siRNA:
small interfering RNA; TCGA: The Cancer Genome Atlas; TSI: Toscani in Italy;
UTR: untranslated region; YRI: Yoruba in Ibadan, Nigeria

Authors’ contributions
AE and DH conceived the study, AE and TB developed software and
performed the analysis, AE wrote the paper, DE produced visualizations, LD,
CH, RW, and members of the Broad Institute produced sequencing data and
performed primary sequence alignments. All authors read and approved the
final manuscript.

Competing interests
The authors declare that they have no competing interests.

Acknowledgements
We thank members of the genome reconstruction and cancer groups at the
UCSC Center for Biomolecular Science and Engineering, members of the
TCGA publication committee, and others for reviewing our work. We also
thank TCGA genome sequencing centers for data generation and sequence
alignment. We acknowledge funding from the Howard Hughes Medical
Institute to DH and the following National Institutes of Health grants to DH:
5P41HG002371-12 (NHGRI) and 5U24CA143858-03 (NCI).

Author details
1Center for Biomolecular Science and Engineering, University of California,
Santa Cruz, 1156 High Street, Santa Cruz, CA 95064, USA. 2Howard Hughes
Medical Institute, University of California, Santa Cruz, 1156 High Street, Santa
Cruz, CA 95064, USA. 3Broad Institute of MIT and Harvard, 5 Cambridge
Center, Cambridge, MA 02142, USA. 4The Genome Institute, Washington
University, 4444 Forest Park Avenue, St. Louis, MO 63108, USA.

Received: 30 October 2012 Revised: 28 February 2013
Accepted: 13 March 2013 Published: 13 March 2013

References
1. Zhang Z, Harrison PM, Liu Y, Gerstein M: Millions of years of evolution

preserved: a comprehensive catalog of the processed pseudogenes in
the human genome. Genome Research 2003, 13:2541-58.

2. Zhang Z, Carriero N, Gerstein M: Comparative analysis of processed
pseudogenes in the mouse and human genomes. Trends in Genetics
2004, 20:62-7.

3. Karro JE, Yan Y, Zheng D, Zhang Z, Carriero N, Cayting P, Harrrison P,
Gerstein M: Pseudogene.org: comprehensive database and comparison

platform for pseudogene annotation. Nucleic Acids Research 2007, 35:
D55-60.

4. Pei B, Sisu C, Frankish A, Howald C, Habegger L, Mu X, Harte R,
Balasubramanian S, Tanzer A, Diekhans M, Reymond A, Hubbard TJ,
Harrow J, Gerstein MB: The GENCODE pseudogene resource. Genome
Biology 2012, 13:R51.

5. Vanin EF: Processed pseudogenes: characteristics and evolution. Annual
Review of Genetics 1985, 19:253-72.

6. Boeke JD, Garfinkel DJ, Styles CA, Fink GR: Ty elements transpose through
an RNA intermediate. Cell 1985, 40:491-500.

7. Mathias SL, Scott AF, Kazazian HH, Boeke JD, Gabriel A: Reverse
transcriptase encoded by a human transposable element. Science 1991,
254:1808-10.

8. Feng Q, Moran JV, Kazazian HH, Boeke JD: Human L1 retrotransposon
encodes a conserved endonuclease required for retrotransposition. Cell
1996, 87:905-16.

9. Hohjoh H, Singer MF: Sequence-specific single-strand RNA binding
protein encoded by the human LINE-1 retrotransposon. The EMBO
Journal 1997, 16:6034-43.

10. Martin SL, Bushman FD: Nucleic acid chaperone activity of the ORF1
protein from the mouse LINE-1 retrotransposon. Molecular and Cellular
Biology 2001, 21:467-75.

11. Dewannieux M, Esnault C, Heidmann T: LINE-mediated retrotransposition
of marked Alu sequences. Nature Genetics 2003, 35:41-8.

12. Hancks DC, Goodier JL, Mandal PK, Cheung LE, Kazazian HH:
Retrotransposition of marked SVA elements by human L1s in cultured
cells. Human Molecular Genetics 2011, 20:3386-400.

13. Esnault C, Maestre J, Heidmann T: Human LINE retrotransposons generate
processed pseudogenes. Nature Genetics 2000, 24:363-7.

14. Schacherer J, Tourrette Y, Souciet JL, Potier S, De Montigny J: Recovery of a
function involving gene duplication by retroposition in Saccharomyces
cerevisiae. Genome Research 2004, 14:1291-7.

15. Kaessmann H, Vinckenbosch N, Long M: RNA-based gene duplication:
mechanistic and evolutionary insights. Nature Reviews Genetics 2009,
10:19-31.

16. Faulkner GJ: Retrotransposons: mobile and mutagenic from conception
to death. FEBS Letters 2011, 585:1589-94.

17. Lam HYK, Mu XJ, Stütz AM, Tanzer A, Cayting PD, Snyder M, Kim PM,
Korbel JO, Gerstein MB: Nucleotide-resolution analysis of structural
variants using BreakSeq and a breakpoint library. Nature Biotechnology
2010, 28:47-55.

18. Karakoc E, Alkan C, O’Roak BJ, Dennis MY, Vives L, Mark K, Rieder MJ,
Nickerson DA, Eichler EE: Detection of structural variants and indels
within exome data. Nature Methods 2011, 9:176-8.

19. Schrider DR, Stevens K, Cardeño CM, Langley CH, Hahn MW: Genome-wide
analysis of retrogene polymorphisms in Drosophila melanogaster.
Genome Research 2011, 21:2087-95.

20. Vinckenbosch N, Dupanloup I, Kaessmann H: Evolutionary fate of
retroposed gene copies in the human genome. Proceedings of the
National Academy of Sciences of the United States of America 2006,
103:3220-5.

21. Baertsch R, Diekhans M, Kent WJ, Haussler D, Brosius J: Retrocopy
contributions to the evolution of the human genome. BMC Genomics
2008, 9:466.

22. Fablet M, Bueno M, Potrzebowski L, Kaessmann H: Evolutionary origin and
functions of retrogene introns. Molecular Biology and Evolution 2009,
26:2147-56.

23. Kalyana-Sundaram S, Kumar-Sinha C, Shankar S, Robinson D, Wu YM, Cao X,
Asangani I, Kothari V, Prensner J, Lonigro R, Iyer M, Barrette T,
Shanmugam A, Dhanasekaran S, Palanisamy N, Chinnaiyan A: Expressed
pseudogenes in the transcriptional landscape of human cancers. Cell
2012, 149:1622-34.

24. Korneev SA, Park JH, O’Shea M: Neuronal expression of neural nitric oxide
synthase (nNOS) protein is suppressed by an antisense RNA transcribed
from an NOS pseudogene. The Journal of Neuroscience 1999, 19:7711-20.

25. Watanabe T, Totoki Y, Toyoda A, Kaneda M, Kuramochi-Miyagawa S,
Obata Y, Chiba H, Kohara Y, Kono T, Nakano T, Surani MA, Sakaki Y,
Sasaki H: Endogenous siRNAs from naturally formed dsRNAs regulate
transcripts in mouse oocytes. Nature 2008, 453:539-43.

26. Tam OH, Aravin AA, Stein P, Girard A, Murchison EP, Cheloufi S, Hodges E,
Anger M, Sachidanandam R, Schultz RM, Hannon GJ: Pseudogene-derived

Ewing et al. Genome Biology 2013, 14:R22
http://genomebiology.com/2013/14/3/R22

Page 12 of 14

http://www.biomedcentral.com/content/supplementary/gb-2013-14-3-r22-S1.XLS
http://www.biomedcentral.com/content/supplementary/gb-2013-14-3-r22-S2.PDF
http://www.biomedcentral.com/content/supplementary/gb-2013-14-3-r22-S3.FA
http://www.biomedcentral.com/content/supplementary/gb-2013-14-3-r22-S4.GZ
http://www.ncbi.nlm.nih.gov/pubmed/14656962?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14656962?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14656962?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14746985?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14746985?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17099229?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17099229?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22951037?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/3909943?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2982495?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2982495?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1722352?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1722352?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8945517?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8945517?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9312060?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9312060?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11134335?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11134335?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12897783?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12897783?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21636526?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21636526?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10742098?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10742098?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15231745?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15231745?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15231745?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19030023?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19030023?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21477589?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21477589?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20037582?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20037582?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22179552?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22179552?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22135405?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22135405?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16492757?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16492757?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18842134?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18842134?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19553367?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19553367?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22726445?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22726445?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10479675?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10479675?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10479675?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18404146?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18404146?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18404147?dopt=Abstract


small interfering RNAs regulate gene expression in mouse oocytes.
Nature 2008, 453:534-8.

27. Guo X, Zhang Z, Gerstein MB, Zheng D: Small RNAs originated from
pseudogenes: cis- or trans-acting? PLoS Computational Biology 2009, 5:
e1000449.

28. Wen YZ, Zheng LL, Liao JY, Wang MH, Wei Y, Guo XM, Qu LH, Ayala FJ,
Lun ZR: Pseudogene-derived small interference RNAs regulate gene
expression in African Trypanosoma brucei. Proceedings of the National
Academy of Sciences of the United States of America 2011, 108:8345-50.

29. Hirotsune S, Yoshida N, Chen A, Garrett L, Sugiyama F, Takahashi S,
Yagami K, Wynshaw-Boris A, Yoshiki A: An expressed pseudogene
regulates the messenger-RNA stability of its homologous coding gene.
Nature 2003, 423:91-6.

30. Poliseno L, Salmena L, Zhang J, Carver B, Haveman WJ, Pandolfi PP: A
coding-independent function of gene and pseudogene mRNAs
regulates tumour biology. Nature 2010, 465:1033-8.

31. Parker HG, VonHoldt BM, Quignon P, Margulies EH, Shao S, Mosher DS,
Spady TC, Elkahloun A, Cargill M, Jones PG, Maslen CL, Acland GM,
Sutter NB, Kuroki K, Bustamante CD, Wayne RK, Ostrander EA: An expressed
fgf4 retrogene is associated with breed-defining chondrodysplasia in
domestic dogs. Science 2009, 325:995-8.

32. Ohno S: Evolution by Gene Duplication Springer-Verlag; 1970.
33. Long M, Langley CH: Natural selection and the origin of jingwei, a

chimeric processed functional gene in Drosophila. Science 1993, 260:91-5.
34. Consortium GP: A map of human genome variation from population-

scale sequencing. Nature 2010, 467:1061-73.
35. The Cancer Genome Atlas. [http://cancergenome.nih.gov].
36. Jurka J: Sequence patterns indicate an enzymatic involvement in

integration of mammalian retroposons. Proceedings of the National
Academy of Sciences of the United States of America 1997, 94:1872-7.

37. Huang DW, Sherman BT, Lempicki RA: Systematic and integrative analysis
of large gene lists using DAVID bioinformatics resources. Nature Protocols
2009, 4:44-57.

38. Gonçalves I, Duret L, Mouchiroud D: Nature and structure of human
genes that generate retropseudogenes. Genome Research 2000, 10:672-8.

39. Liu P, Tarlé SA, Hajra A, Claxton DF, Marlton P, Freedman M, Siciliano MJ,
Collins FS: Fusion between transcription factor CBF beta/PEBP2 beta and
a myosin heavy chain in acute myeloid leukemia. Science 1993,
261:1041-4.

40. McKenna M, Arnold C, Catherwood MA, Humphreys MW, Cuthbert RJG,
Bueso-Ramos C, McManus DT: Myeloid sarcoma of the small bowel
associated with a CBFbeta/MYH11 fusion and inv(16)(p13q22): a case
report. Journal of Clinical Pathology 2009, 62:757-9.

41. Alvarez P, Navascués CA, Ordieres C, Pipa M, Vega IF, Granero P, Alvarez JA,
Rodríguez M: Granulocytic sarcoma of the small bowel, greater omentum
and peritoneum associated with a CBFβ/MYH11 fusion and inv(16)
(p13q22): a case report. International Archives of Medicine 2011, 4:3.

42. Mourtada-Maarabouni M, Pickard MR, Hedge VL, Farzaneh F, Williams GT:
GAS5, a non-protein-coding RNA, controls apoptosis and is
downregulated in breast cancer. Oncogene 2009, 28:195-208.

43. Iafrate AJ, Feuk L, Rivera MN, Listewnik ML, Donahoe PK, Qi Y, Scherer SW,
Lee C: Detection of large-scale variation in the human genome. Nature
Genetics 2004, 36:949-51.

44. Iskow RC, McCabe MT, Mills RE, Torene S, Pittard WS, Neuwald AF, Van
Meir EG, Vertino PM, Devine SE: Natural mutagenesis of human genomes
by endogenous retrotransposons. Cell 2010, 141:1253-61.

45. Lee E, Iskow R, Yang L, Gokcumen O, Haseley P, Luquette LJ, Lohr JG,
Harris CC, Ding L, Wilson RK, Wheeler DA, Gibbs RA, Kucherlapati R, Lee C,
Kharchenko PV, Park PJ: Landscape of somatic retrotransposition in
human cancers. Science 2012, 337:967-71.

46. Solyom S, Ewing AD, Rahrmann EP, Doucet TT, Nelson HH, Burns MB,
Harris RS, Sigmon DF, Casella A, Erlanger B, Wheelan S, Upton KR, Shukla R,
Faulkner GJ, Largaespada DA, Kazazian HH: Extensive somatic L1
retrotransposition in colorectal tumors. Genome Research 2012,
22:2328-38.

47. Keane TM, Goodstadt L, Danecek P, White MA, Wong K, Yalcin B, Heger A,
Agam A, Slater G, Goodson M, Furlotte NA, Eskin E, Nellåker C, Whitley H,
Cleak J, Janowitz D, Hernandez-Pliego P, Edwards A, Belgard TG, Oliver PL,
McIntyre RE, Bhomra A, Nicod J, Gan X, Yuan W, van der Weyden L,
Steward CA, Bala S, Stalker J, Mott R, et al: Mouse genomic variation and
its effect on phenotypes and gene regulation. Nature 2011, 477:289-94.

48. Quinlan AR, Clark RA, Sokolova S, Leibowitz ML, Zhang Y, Hurles ME,
Mell JC, Hall IM: Genome-wide mapping and assembly of structural
variant breakpoints in the mouse genome. Genome Research 2010,
20:623-35.

49. Waterston RH, Lindblad-Toh K, Birney E, Rogers J, Abril JF, Agarwal P,
Agarwala R, Ainscough R, Alexandersson M, An P, Antonarakis SE,
Attwood J, Baertsch R, Bailey J, Barlow K, Beck S, Berry E, Birren B, Bloom T,
Bork P, Botcherby M, Bray N, Brent MR, Brown DG, Brown SD, Bult C,
Burton J, Butler J, Campbell RD, Carninci P, et al: Initial sequencing and
comparative analysis of the mouse genome. Nature 2002, 420:520-62.

50. Beck JA, Lloyd S, Hafezparast M, Lennon-Pierce M, Eppig JT, Festing MF,
Fisher EM: Genealogies of mouse inbred strains. Nature Genetics 2000,
24:23-5.

51. Nellåker C, Keane TM, Yalcin B, Wong K, Agam A, Belgard TG, Flint J,
Adams DJ, Frankel WN, Ponting CP: The genomic landscape shaped by
selection on transposable elements across 18 mouse strains. Genome
Biology 2012, 13:R45.

52. Jaccard P: Nouvelles recherches sur la distribution florale. Bulletin de la
Socite vaudoise des sciences naturelles 1908, 44:223.

53. Mouse Genome Informatics. [http://informatics.jax.org].
54. Auton A, Fledel-Alon A, Pfeifer S, Venn O, Ségurel L, Street T, Leffler EM,

Bowden R, Aneas I, Broxholme J, Humburg P, Iqbal Z, Lunter G, Maller J,
Hernandez RD, Melton C, Venkat A, Nobrega MA, Bontrop R, Myers S,
Donnelly P, Przeworski M, McVean G: A fine-scale chimpanzee genetic
map from population sequencing. Science 2012, 336:193-8.

55. Ewing AD, Kazazian HH: High-throughput sequencing reveals extensive
variation in human-specific L1 content in individual human genomes.
Genome Research 2010, 20:1262-70.

56. Watterson GA: On the number of segregating sites in genetical models
without recombination. Theoretical Population Biology 1975, 7:256-76.

57. Mills RE, Walter K, Stewart C, Handsaker RE, Chen K, Alkan C, Abyzov A,
Yoon SC, Ye K, Cheetham RK, Chinwalla A, Conrad DF, Fu Y, Grubert F,
Hajirasouliha I, Hormozdiari F, Iakoucheva LM, Iqbal Z, Kang S, Kidd JM,
Konkel MK, Korn J, Khurana E, Kural D, Lam HYK, Leng J, Li R, Li Y, Lin CY,
Luo R, et al: Mapping copy number variation by population-scale
genome sequencing. Nature 2011, 470:59-65.

58. Tajima F: Statistical method for testing the neutral mutation hypothesis
by DNA polymorphism. Genetics 1989, 123:585-95.

59. Redon R, Ishikawa S, Fitch KR, Feuk L, Perry GH, Andrews TD, Fiegler H,
Shapero MH, Carson AR, Chen W, Cho EK, Dallaire S, Freeman JL,
González JR, Gratacòs M, Huang J, Kalaitzopoulos D, Komura D,
MacDonald JR, Marshall CR, Mei R, Montgomery L, Nishimura K, Okamura K,
Shen F, Somerville MJ, Tchinda J, Valsesia A, Woodwark C, Yang F, et al:
Global variation in copy number in the human genome. Nature 2006,
444:444-54.

60. Conrad DF, Bird C, Blackburne B, Lindsay S, Mamanova L, Lee C, Turner DJ,
Hurles ME: Mutation spectrum revealed by breakpoint sequencing of
human germline CNVs. Nature Genetics 2010, 42:385-91.

61. Schrider DR, Hahn MW: Gene copy-number polymorphism in nature.
Proceedings of the Royal Society: Biological Sciences 2010, 277:3213-21.

62. Sudmant PH, Kitzman JO, Antonacci F, Alkan C, Malig M, Tsalenko A,
Sampas N, Bruhn L, Shendure J, Eichler EE: Diversity of human copy
number variation and multicopy genes. Science 2010, 330:641-6.

63. Han MV, Demuth JP, McGrath CL, Casola C, Hahn MW: Adaptive evolution
of young gene duplicates in mammals. Genome Research 2009, 19:859-67.

64. Kano H, Godoy I, Courtney C, Vetter MR, Gerton GL, Ostertag EM,
Kazazian HH: L1 retrotransposition occurs mainly in embryogenesis and
creates somatic mosaicism. Genes and Development 2009, 23:1303-12.

65. Muotri AR, Chu VT, Marchetto MCN, Deng W, Moran JV, Gage FH: Somatic
mosaicism in neuronal precursor cells mediated by L1
retrotransposition. Nature 2005, 435:903-10.

66. Eickbush MT, Eickbush TH: Retrotransposition of R2 elements in somatic
nuclei during the early development of Drosophila. Mobile DNA 2011,
2:11.

67. van den Hurk JAJM, Meij IC, Seleme MDC, Kano H, Nikopoulos K,
Hoefsloot LH, Sistermans EA, de Wijs IJ, Mukhopadhyay A, Plomp AS, de
Jong PTVM, Kazazian HH, Cremers FPM: L1 retrotransposition can occur
early in human embryonic development. Human Molecular Genetics 2007,
16:1587-92.

68. Hancks DC, Kazazian HH: Active human retrotransposons: variation and
disease. Current Opinion in Genetics and Development 2012, 22:191-203.

Ewing et al. Genome Biology 2013, 14:R22
http://genomebiology.com/2013/14/3/R22

Page 13 of 14

http://www.ncbi.nlm.nih.gov/pubmed/18404147?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19649160?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19649160?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21531904?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21531904?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12721631?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12721631?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20577206?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20577206?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20577206?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19608863?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19608863?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19608863?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7682012?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7682012?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20981092?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20981092?dopt=Abstract
http://cancergenome.nih.gov
http://www.ncbi.nlm.nih.gov/pubmed/9050872?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9050872?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19131956?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19131956?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10810090?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10810090?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8351518?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8351518?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19638550?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19638550?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19638550?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21255400?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21255400?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21255400?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18836484?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18836484?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15286789?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20603005?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20603005?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22745252?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22745252?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22968929?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22968929?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21921910?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21921910?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20308636?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20308636?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12466850?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12466850?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10615122?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22703977?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22703977?dopt=Abstract
http://informatics.jax.org
http://www.ncbi.nlm.nih.gov/pubmed/22422862?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22422862?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20488934?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20488934?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1145509?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1145509?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21293372?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21293372?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2513255?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2513255?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17122850?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20364136?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20364136?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21030649?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21030649?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19411603?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19411603?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19487571?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19487571?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15959507?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15959507?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15959507?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21958913?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21958913?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17483097?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17483097?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22406018?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22406018?dopt=Abstract


69. Coufal NG, Garcia-Perez JL, Peng GE, Yeo GW, Mu Y, Lovci MT, Morell M,
O’Shea KS, Moran JV, Gage FH: L1 retrotransposition in human neural
progenitor cells. Nature 2009, 460:1127-31.

70. Baillie JK, Barnett MW, Upton KR, Gerhardt DJ, Richmond TA, De Sapio F,
Brennan P, Rizzu P, Smith S, Fell M, Talbot RT, Gustincich S, Freeman TC,
Mattick JS, Hume DA, Heutink P, Carninci P, Jeddeloh JA, Faulkner GJ:
Somatic retrotransposition alters the genetic landscape of the human
brain. Nature 2011, 479:534-7.

71. Evrony G, Cai X, Lee E, Hills L, Elhosary PC, Lehmann H, Parker J, Atabay K,
Gilmore E, Poduri A, Park P, Walsh C: Single-neuron sequencing analysis of
l1 retrotransposition and somatic mutation in the human brain. Cell
2012, 151:483-96.

72. Sayah DM, Sokolskaja E, Berthoux L, Luban J: Cyclophilin A
retrotransposition into TRIM5 explains owl monkey resistance to HIV-1.
Nature 2004, 430:569-73.

73. Nisole S, Lynch C, Stoye JP, Yap MW: A Trim5-cyclophilin A fusion protein
found in owl monkey kidney cells can restrict HIV-1. Proceedings of the
National Academy of Sciences of the United States of America 2004,
101:13324-8.

74. Virgen CA, Kratovac Z, Bieniasz PD, Hatziioannou T: Independent genesis
of chimeric TRIM5-cyclophilin proteins in two primate species.
Proceedings of the National Academy of Sciences of the United States of
America 2008, 105:3563-8.

75. Wilson SJ, Webb BLJ, Ylinen LMJ, Verschoor E, Heeney JL, Towers GJ:
Independent evolution of an antiviral TRIMCyp in rhesus macaques.
Proceedings of the National Academy of Sciences of the United States of
America 2008, 105:3557-62.

76. Kent WJ: BLAT - the BLAST-like alignment tool. Genome Research 2002,
12:656-64.

77. pysam. [http://code.google.com/p/pysam/].
78. GRIPper. [https://github.com/adamewing/GRIPper].
79. Li H, Durbin R: Fast and accurate short read alignment with Burrows-

Wheeler transform. Bioinformatics 2009, 25:1754-60.
80. Zerbino DR, Birney E: Velvet: algorithms for de novo short read assembly

using de Bruijn graphs. Genome Research 2008, 18:821-9.
81. PRICE Genome Assembler. [http://derisilab.ucsf.edu/software/price/index.

html].
82. Bamsurgeon. [https://github.com/adamewing/bamsurgeon].
83. DownSampleSam. [http://picard.sourceforge.net/command-line-overview.

shtml#DownsampleSam].
84. Harrow J, Denoeud F, Frankish A, Reymond A, Chen CK, Chrast J, Lagarde J,

Gilbert JGR, Storey R, Swarbreck D, Rossier C, Ucla C, Hubbard T,
Antonarakis SE, Guigo R: GENCODE: producing a reference annotation for
ENCODE. Genome Biology 2006, 7(Suppl 1):S4.1-9.

85. Fujita PA, Rhead B, Zweig AS, Hinrichs AS, Karolchik D, Cline MS,
Goldman M, Barber GP, Clawson H, Coelho A, Diekhans M, Dreszer TR,
Giardine BM, Harte RA, Hillman-Jackson J, Hsu F, Kirkup V, Kuhn RM,
Learned K, Li CH, Meyer LR, Pohl A, Raney BJ, Rosenbloom KR, Smith KE,
Haussler D, Kent WJ: The UCSC Genome Browser database: update 2011.
Nucleic Acids Research 2011, 39:D876-82.

86. Hsu F, Kent WJ, Clawson H, Kuhn RM, Diekhans M, Haussler D: The UCSC
known genes. Bioinformatics 2006, 22:1036-46.

87. R Development Core Team: R: A Language and Environment for Statistical
Computing R Vienna, Austria: Foundation for Statistical Computing; 2011.

88. 1,000 Genomes Project. [http://www.1000genomes.org].
89. Cancer Genomics Hub. [https://cghub.ucsc.edu].
90. Wellcome Trust Sanger Institute Mouse Genomes Project. [http://www.

sanger.ac.uk/resources/mouse/genomes/].
91. PanMap. [http://panmap.uchicago.edu].

doi:10.1186/gb-2013-14-3-r22
Cite this article as: Ewing et al.: Retrotransposition of gene transcripts
leads to structural variation in mammalian genomes. Genome Biology
2013 14:R22.

Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit

Ewing et al. Genome Biology 2013, 14:R22
http://genomebiology.com/2013/14/3/R22

Page 14 of 14

http://www.ncbi.nlm.nih.gov/pubmed/19657334?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19657334?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22037309?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22037309?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23101622?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23101622?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15243629?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15243629?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15326303?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15326303?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18287034?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18287034?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18287035?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11932250?dopt=Abstract
http://code.google.com/p/pysam/
https://github.com/adamewing/GRIPper
http://www.ncbi.nlm.nih.gov/pubmed/19451168?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19451168?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18349386?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18349386?dopt=Abstract
http://derisilab.ucsf.edu/software/price/index.html
http://derisilab.ucsf.edu/software/price/index.html
https://github.com/adamewing/bamsurgeon
http://picard.sourceforge.net/command-line-overview.shtml#DownsampleSam
http://picard.sourceforge.net/command-line-overview.shtml#DownsampleSam
http://www.ncbi.nlm.nih.gov/pubmed/20959295?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16500937?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16500937?dopt=Abstract
http://www.1000genomes.org
https://cghub.ucsc.edu
http://www.sanger.ac.uk/resources/mouse/genomes/
http://www.sanger.ac.uk/resources/mouse/genomes/
http://panmap.uchicago.edu

	Abstract
	Background
	Results
	Conclusions

	Background
	Results and discussion
	A catalog of non-reference human gene retrocopy insertions
	Functional characteristics of source genes
	Detection of cancer-specific gene retrocopy insertions
	Novel gene retrocopy insertions in inbred mouse strains
	Novel gene retrocopy insertions in chimpanzees
	Distribution of GRIPs in human populations
	Estimating the rate of gene retroposition in humans

	Conclusions
	Materials and methods
	Gene retrocopy insertion detection from mapped paired end reads
	Breakpoint ascertainment from soft-clipped reads
	Local sequence assembly to identify exon-exon junctions
	Simulation of novel gene retrocopy insertions
	Identifying gene retrocopy insertions included in the reference genome assembly
	Strategy for low-pass genome sequence data and tumor/normal pairs
	Calculating coverage of gene annotations
	Calculating distance between GRIP profiles
	Estimating the rate of gene retrocopy insertion
	Data access

	Abbreviations
	Authors' contributions
	Competing interests
	Acknowledgements
	Author details
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 500
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 500
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


